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We investigate the power of low-energy, high-luminosity electron–positron colliders to probe hid-
den sectors with a mass below ∼ 10 GeV that couple to Standard Model particles through a light
mediator. Such sectors provide well-motivated dark matter candidates, and can give rise to dis-
tinctive mono-photon signals at B-factories and similar experiments. We use data from an existing
mono-photon search by BABAR to place new constraints on this class of models, and give projec-
tions for the sensitivity of a similar search at a future B-factory such as Belle II. We find that the
sensitivity of such searches are more powerful than searches at other collider or fixed-target facilities
for hidden-sector mediators and particles with masses between a few hundred MeV and 10 GeV. Me-
diators produced on-shell and decaying invisibly to hidden-sector particles such as dark matter can
be probed particularly well. Sensitivity to light dark matter produced through an off-shell mediator
is more limited, but may be improved with a better control of backgrounds, allowing background
estimation and a search for kinematic edges. We compare our results to existing and future direct
detection experiments and show that low-energy colliders provide an indispensable and complemen-
tary avenue to search for light dark matter. The implementation of a mono-photon trigger at Belle
II would provide an unparalleled window into such light hidden sectors.
I. INTRODUCTION
The search for the identity of dark matter (DM), which
makes up 85% of the matter in our Universe, is one of the
most important experimental endeavors of our time. All
evidence for DM comes from its gravitational interactions
with ordinary matter. However, the success of laboratory
and space-based experiments searching for DM is predi-
cated on DM having additional non-gravitational interac-
tions with ordinary matter. A Weakly Interacting Mas-
sive Particle (WIMP) is a theoretically well-motivated
DM candidate with mass in the 10 GeV to 10 TeV
range, typically interacting with Standard Model (SM)
particles through the Electroweak sector. This makes
the WIMP hypothesis testable at many ongoing and up-
coming colliders and direct and indirect detection exper-
iments. However, there are also many well motivated
non-WIMP DM candidates that can also be probed by
such experiments. In this paper we focus on light DM
(LDM), with mass below 10 GeV, interacting with the
SM through a light mediator. We will show that, among
collider experiments, low-energy e+e− colliders such as
B-factories and Φ-factories are particularly well suited
to exploring this mass range.
DM searches at colliders have received much atten-
tion in the past. However, most of the focus has been
on searches with high-energy colliders such as LEP, the
Tevatron, the LHC, and an ILC, see e.g. [1–17]. These
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colliders are ideally suited for probing Weak-scale DM,
and for DM whose interactions with ordinary matter are
mediated by heavy particles. In contrast, B-factories (Φ-
factories) operate at much lower center-of-mass energies
of
√
s ≈ 10 GeV (1 GeV). Their sensitivity is therefore
highest to LDM with low-mass mediators.
DM particles produced in colliders do not scatter in
the detector, and appear as missing energy, /E. A partic-
ularly clean channel to study is LDM produced in asso-
ciation with a single photon, resulting in a mono-photon
signature (γ+ /E). In this paper, we study the sensitivity
of mono-photon searches at low-energy e+e− colliders to
LDM. While LDM production has been studied before
in the context of rare meson decays, e.g. [18–33], here
we consider a complementary possibility: non-resonant
production of mono-photon events directly in the e+e−
collisions, see Fig. 1 (this possibility has previously been
considered in less detail in e.g. [17, 26, 34–36]). We first
reanalyse the results of an existing search by the BABAR
collaboration for mono-photon events in decays of the
Υ(3S) [37]. While BABAR had an active mono-photon
trigger for only∼ 55/fb (including∼ 30/fb on the Υ(3S))
out of a total of ∼ 500/fb of data collected over its life-
time, and performed only a very limited background es-
timate on these events, the resulting bounds on LDM
improve significantly upon existing bounds in parts of
the LDM parameter space. A similar analysis with Belle
or KLOE data is not possible, due to the lack of a single-
photon trigger.
We also estimate the possible sensitivity of Belle II to
LDM. This will depend strongly on the ability to imple-
ment a mono-photon trigger, and to reduce or subtract
backgrounds, but should reach substantially beyond the
constraints from BABAR in parts of parameter space.
Our results stress the importance for Belle II to include
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FIG. 1: γ+ /E production channels for LDM coupled through
a light mediator. Left: Resonant Υ(3S) production, followed
by decay to γ + χχ through an on- or off-shell mediator.
Right: The focus of this paper – non-resonant γ + χχ pro-
duction in e+e− collisions, through an on- or off-shell light
mediator A′(∗). (Note that in this paper, the symbol A′ is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)
a mono-photon trigger during the entire course of data
taking.
The rest of the paper is organized as follows. In Sec. II
we give a brief theoretical overview of LDM coupled
through a light mediator. Sec. III contains a more de-
tailed discussion of the production of such LDM at low-
energy e+e− colliders. In Sec. IV we describe the BABAR
search [37], and extend the results to place constraints
on LDM. In Sec. V we compare our results to existing
constraints such as LEP, rare decays, beam-dump exper-
iments, and direct detection experiments. In Sec. VI we
estimate the reach of a similar search in a future e+e−
collider such as Belle II. We conclude in Sec. VII. A short
appendix discusses the constraints on invisibly decaying
hidden photons for some additional scenarios.
II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR
A LDM particle, in a hidden sector that couples weakly
to ordinary matter through a light, neutral boson (the
mediator), is part of many well-motivated frameworks
that have received significant theoretical and experimen-
tal attention in recent years, see e.g. [38–55] and refer-
ences therein. A light mediator may play a significant
role in setting the DM relic density [56, 57], or in alle-
viating possible problems with small-scale structure in
ΛCDM cosmology [58, 59].
The hidden sector may generally contain a multitude of
states with complicated interactions among themselves.
However, for the context of this paper, it is sufficient
to characterize it by a simple model with just two parti-
cles, the DM particle χ and the mediator A′ (which, with
abuse of notation, may refer to a generic (pseudo-)vector,
or (pseudo-)scalar, and does not necessarily indicate a
hidden photon), and four parameters:
(i) mχ (the DM mass)
(ii) mA′ (the mediator mass)
(iii) ge (the coupling of the mediator to electrons)
(iv) gχ (the coupling of the mediator to DM).
In most of the parameter space only restricted combi-
nations of these four parameters are relevant for χχ pro-
duction in e+e− collisions; we describe this in more detail
in Sec. III. The spin and CP properties of the mediator
and DM particles also have a (very) limited effect on their
production rates, but will have a more significant effect
on comparisons to other experimental constraints, as will
the couplings of the mediator to other SM particles. For
the rest of the paper, the “dark matter” particle, χ, can
be taken to represent any hidden-sector state that couples
to the mediator and is invisible in detectors; in particu-
lar, it does not have to be a (dominant) component of
the DM.
The simplest example of such a setup is DM that does
not interact with the SM forces, but that nevertheless
has interactions with ordinary matter through a hidden
photon. In this scenario, the A′ is the massive mediator
of a broken Abelian gauge group, U(1)′, in the hidden
sector, and has a small kinetic mixing, ε/ cos θW , with
SM hypercharge, U(1)Y [42–44, 56, 60–62]. SM fermions
with charge qi couple to the A
′ with coupling strength
ge = ε e qi. The variables ε, gχ, mχ, and mA′ are the free
parameters of the model. We restrict
gχ <
√
4pi , (perturbativity) (1)
in order to guarantee calculability of the model. Such a
constraint is also equivalent to imposing ΓA′/mA′ . 1
which is necessary for the A′ to have a particle descrip-
tion. We will refer in the following to this restriction as
the “perturbativity” constraint.
In this paper, we discuss this prototype model as well
as more general LDM models with vector, pseudo-vector,
scalar, and pseudo-scalar mediators. We stress that in
UV complete models, scalar and pseudo-scalar medi-
ators generically couple to SM fermions through mix-
ing with a Higgs boson, and consequently their cou-
pling to electrons is proportional to the electron Yukawa,
ge ∝ ye ∼ 3 × 10−6. As a result, low-energy e+e− col-
liders are realistically unlikely to be sensitive to them.
Nonetheless, since more intricate scalar sectors may al-
low for significantly larger couplings, we include them for
completeness.
For simplicity we consider only fermionic LDM, as the
differences between fermion and scalar production are
very minor. We do not consider models with a t-channel
mediator (such as light neutralino production through
selectron exchange). In these, the mediator would be
electrically charged and so could not be light.
III. PRODUCTION OF LIGHT DARK MATTER
AT e+e− COLLIDERS
Fig. 1 illustrates the production of γ + /E events at
low-energy e+e− colliders in LDM scenarios. The chan-
nel shown on the left of Fig. 1 is the resonant production
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FIG. 2: Regions in the mχ–mA′ plane with different charac-
teristic γ+/E signals (A′ is any type of mediator). Region (a)
corresponds to an off-shell heavy mediator, for which an effec-
tive operator analysis holds if mA′ 
√
s. In Region (b) the
mediator is invisible and is produced on-shell. In Region (c),
while the mediator is light enough to be produced on shell,
χχ production occurs through an off-shell mediator.
of a heavy meson such as Υ(3S), followed by its decay to
γ + χχ through an on- or off-shell mediator. This chan-
nel probes the couplings of the mediator to the b-quark
(specifically its pseudo-vector or pseudo-scalar couplings
if the mediator is on shell). The focus of this paper, how-
ever, is a complementary channel, shown on the right of
Fig. 1, where LDM is produced through an on- or off-shell
mediator, which couples directly to electrons.
The collider signal consists of mono-photon events,
γ + /E. The photon energy spectrum can vary quite sig-
nificantly depending on the masses of the DM and medi-
ator, and we divide the mχ–mA′ plane into three regions
with distinct kinematics, as illustrated in Fig. 2. Typical
spectra for each region are shown in Fig. 3 as a function
of the χχ invariant mass, which is related to the photon
energy by
m2χχ¯ ≡ s− 2
√
sE∗γ . (2)
The regions are as follows:
(a): mA′ >
√
s. Here the mediator is too heavy to
be produced on shell, and χχ production proceeds
through an off-shell mediator. In this case, the pho-
ton is dominantly produced in the form of initial
state radiation, and so has a spectrum rising to-
wards low energies (high mχχ), illustrated by the
red histogram in Fig. 3.
(b):
√
s >mA′ > 2mχ or mA′ < 2me. In region (b1),
the mediator decays to χχ (the branching fraction
to SM particles is assumed to be negligible). In re-
gion (b2), it is too light to decay to either χχ or
e+e−; if e.g. A′ is a hidden photon, it eventually
decays to (three) photons far outside the detector.
Both cases result in a mono-energetic γ + /E signa-
ture. The spectrum is peaked at m2χχ¯ = m
2
A′ , but
the finite detector resolution gives a width of
σm2χχ = 2
√
s σEγ = (s−m2χχ)× (σEγ/Eγ) , (3)
where σEγ is the experimental photon energy res-
olution. This is illustrated by the two orange his-
tograms in Fig. 3.
(c): 2mχ >mA′ > 2me. In this region, the mediator
can be produced on shell, but is too light to decay to
χχ¯. It could either decay to another light hidden-
sector state (if available) or it will instead decay to
SM fermions, an interesting signature, which is not
the topic of this paper (see e.g. [26, 34–36]). In the
latter case, while direct searches for the visible de-
cay are likely to be more sensitive (see e.g. [63, 64]
and references therein), γ + /E events can occur in
the production of χχ¯ through an off-shell media-
tor. Probing these decays is necessary to assess
whether such light mediator couples to invisible
particles such as LDM and therefore is complemen-
tary to visible searches. The mediator propagator
contributes a factor 1/m4χχ to the cross-section, re-
sulting in the broad, flat photon spectrum illus-
trated by the green histogram in Fig. 3.
A. Relevant parameters
In each of the three regions, only limited combinations
of the four model parameters presented in Sec. II deter-
mine the γ + /E signal, with the remaining combinations
being redundant (or giving small corrections), as follows:
(a): When mA′ 
√
s, the mediator can be integrated
out of the theory and the interaction described
by a 4-point vertex. For fermionic LDM coupling
through a vector, pseudo-vector, scalar or pseudo-
scalar mediator, the effective operator describing
the interaction is given by (respectively)
OV = 1
Λ2
(χ¯γµχ) (e¯γ
µe) , (4)
OA = 1
Λ2
(
χ¯γµγ
5χ
) (
e¯γµγ5e
)
, (5)
OS = 1
Λ2
(χ¯χ) (e¯e) , (6)
OPS = 1
Λ2
(
χ¯γ5χ
) (
e¯γ5e
)
. (7)
where Λ is given by
Λ ≡ mA′√
gegχ
. (8)
The signal spectrum depends on mχ, and the rate
is proportional to Λ−4, with corrections of order
m2χχ/m
2
A′ , relevant only for A
′ masses close to the
center-of-mass energy.
4FIG. 3: Typical simulations of γ+/E signals compared to data that was scanned from the BABAR Collaboration (un-
published) [37], in both the “High-E” (left) and “Low-E” (right) search regions (where 3.2 GeV < E∗γ < 5.5 GeV and
2.2 GeV < E∗γ < 3.7 GeV, respectively; see Sec. IV for more details). The red histogram illustrates χχ production through
an off-shell heavy mediator (region (a)), resulting in a rising spectrum. The histogram corresponds to mχ = 1 GeV and
mA′ = 12 GeV. The orange histograms show the peaked spectra arising from on-shell production of an invisible mediator (re-
gion (b)), with mA′ = 0.5 MeV (left) or 4 GeV (right). The green histogram shows the typical broad spectrum resulting from
χχ production through an off-shell light mediator (region (c)) (we show mχ = mA′ = 1 GeV). In each case the cross-section is
scaled to lie at the 95% CL limits presented in Sec. IV.
(b): For mediators produced on shell, mχ and gχ are
irrelevant as long as the mediator does not have a
significant branching fraction to SM fermions. The
signal spectrum is controlled bymA′ , and the rate is
proportional to g2e , with corrections of order g
2
e/g
2
χ.
(c): For mA′  mχ, the signal spectrum depends on
mχ but not on mA′ , and the rate is proportional to
(gegχ)
2, with corrections of order m2A′/m
2
χχ.
IV. CONSTRAINTS FROM BABAR DATA
The BABAR Collaboration performed an unpublished
analysis of mono-photon events in a search for decays of
the Υ(3S) to γ A0, where A0 is an invisible pseudoscalar
particle [37]. We reproduce their preliminary data in
Fig. 3. The search was performed on a sample of 122×106
Υ(3S) decays, corresponding to about 28/fb of data at√
s ≈ mΥ(3S) ≈ 10.355 GeV [66]. The data was analyzed
in two overlapping photon CM energy regimes with dis-
tinct trigger requirements: 3.2 GeV < E∗γ < 5.5 GeV
and 2.2 GeV < E∗γ < 3.7 GeV, referred to respectively
as the High-E and Low-E regions. The former used
the full dataset, and the latter a subset corresponding
to 19/fb. The main SM backgrounds are a peak at
m2χχ = 0 from e
+e− → γ/γ, a continuum background
from e+e− → γ/e+/e−, e+e− → γ/γ/γ, where /e± and
/γ represent particles that escape undetected (down the
beam pipe or in a detector crack) and, to a lesser ex-
tent, two-photon production of hadronic states decaying
to photons where only one is detected. The results of
a bump hunt in the photon spectrum were presented as
preliminary upper limits on the branching fraction (BF)
B(Υ(3S)→ γA0)× B(A0 → inv.).
We use this data below to constrain the non-resonant
production of LDM in e+e− collisions as shown in Fig. 1-
right, for the three regions shown in Fig. 2. (A simi-
lar analysis is performed in Ref. [28] to constrain LDM
couplings to b-quarks through an effective dimension-6
operator.) The BABAR analysis applies both geomet-
ric and non-geometric cuts to the mono-photon data,
with total efficiency for signal events given as 10-11%
(20%) in the High-E (Low-E) region. By simulating
e+e− → Υ(3S) → γA0 events, we find that geometric
acceptance accounts for 34% and 37% of this efficiency
in the two respective regions, with non-geometric cuts
therefore having about 30% and 55% efficiencies. In our
analysis, we determine the geometric cut acceptances for
each search region from simulation, and apply a further
cut of 30% (55%) in the High-E (Low-E) region to ac-
count for the efficiencies of other cuts. Photon energies
are smeared using a crystal-ball function, with tail pa-
rameters α = 0.811 and n = 1.79, obtained from fitting
the E∗γ distribution of e
+e− → γ/γ to the data in [37]. We
take the width, σEγ/Eγ , to be 1.5%/(Eγ/ GeV)
1/4⊕ 1%
to match the values of σm2χχ given in [37]. The signal was
simulated with Madgraph 5 [67].
A. Constraints for Off-shell Heavy Mediators
When γ+χχ events are produced through a heavy off-
shell mediator (region (a) of Fig. 2), the mono-photon
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FIG. 4: Lower bounds on mA′/
√
gegχ in region (a) of Fig. 2 (production of χχ through a heavy off-shell mediator), for (left)
a fixed DM mass of 10 MeV, and (right) a fixed mediator mass of 12 GeV. The solid black line / blue shaded region show the
bounds from BABAR data (this work) with a vector mediator. On the right, the bounds with other mediators are shown with
different line styles, while on the left they are almost identical to the vector case and thus not shown separately. The solid and
dotted blue line both show the projected reach of Belle II in the vector-mediated case assuming that the various background
components are known at the 5− 20% level (“systematics” limited) or, more idealistically, is known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). The gray shaded region is excluded by combining LEP bounds [5]
with gχ-perturbativity. For the hidden photon case, this limit is strengthened by including Z-pole constraints [65] on ε, as
shown by the green line. See text for more details.
spectrum has a shape very similar to that of the back-
ground, as can be seen in Fig. 3. Because of this, and
since no background estimate was performed in [37], we
place constraints by requiring that the expected signal
does not exceed the observed number of events by more
than 2σ in any bin.
Fig. 4 (left) shows lower limits on mA′/
√
gegχ as a
function of mA′ for a fixed DM mass of 10 MeV, while
Fig. 4 (right) shows limits as a function of mχ for a
fixed mediator mass of 12 GeV, and various mediators.
The dependence on the type of mediator is negligible for
mχ <∼ 1 GeV. The solid blue curves show projections for a
similar search at Belle II (see Sec. VI). These rely on the
possibility of performing an estimate of the background
and hence could also apply to a reanalysis of the data by
the BABAR collaboration if they are able to calculate the
backgrounds and/or determine them from data.
These models are also constrained by mono-photon
searches at LEP, which in this regime place an upper
bound on ge (see Sec. V A). Combining this with the re-
quirement gχ <
√
4pi (for perturbativity) gives the gray
shaded region shown in Fig. 4. LEP’s high CM energy
makes it more effective at constraining heavier media-
tors, and the LEP bounds are stronger than those from
BABAR for mA′ >∼ 15 GeV. In the case of a hidden
photon mediator, there is an even stronger constraint of
ge < 0.026e from Z-pole measurements [65], shown by
the green lines.
B. Constraints for On-Shell Light Mediators
Production of on-shell invisible mediators in e+e− →
γA′ events (region (b1,2) of Fig. 2) gives a mono-photon
signal with a distinct bump at m2χχ = m
2
A′ , as illustrated
in Fig. 3. The backgrounds are smooth functions, except
for a bump at m2χχ = 0 from γ/γ events. We set limits
on ge by performing our own bump hunt on the BABAR
data, as described below.
Following [37], we model the background in the High-
E region by combining a crystal ball peaked at m2χχ = 0
with an exponential exp(cm2χχ). In the Low-E region
we combine an exponential exp(c1m
2
χχ + c2m
4
χχ) with
a constant. The normalizations of each component, and
the exponents c, c1, c2, are treated as free nuisance pa-
rameters, with the normalizations constrained to be pos-
itive. We model the signal with a crystal ball peaked at
m2χχ = m
2
A′ , and integrated area Nsignal. The width of
the crystal ball functions is as described above.
For any given value of mA′ , we bin the expected rates
using the same binning as the BaBar data, construct a
likelihood function based on the signal and various back-
ground components, with the various nuisance param-
eters kept unconstrained except for the normalizations,
which are kept positive. We then set 95% C.L. limits on
Nsignal using the profile likelihood method.
The absence of features in the non-γ/γ backgrounds
makes the bump-hunt an effective procedure to discrim-
inate a signal from background for heavier A′. In the
analysis of [37], only a limited background estimate was
done on the γ/γ peak, using off-resonance data to esti-
mate the background rate. We cannot use this approach
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the γ/γ back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the γ/γ background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.
in our analysis, since our signal would also appear in
the off-resonance sample. The search becomes there-
fore background-limited for mA′ <∼ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the γ/γ
background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA′ at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.
We convert the limits on Nsignal into limits on ge using
simulation, accounting for the cut efficiency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the ε
versus mA′ plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on gegχ for the off-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining gχ-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5− 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.
C. Constraints for Off-Shell Light Mediators
When 2me < mA′ < 2mχ (region (c) of Fig. 2), γ+χχ
production proceeds through a light off-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m2χχ = 4m
2
χ.
Without good control over backgrounds, this spectrum is
difficult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2σ in any bin.
Fig. 6 shows the upper limit on gegχ as a func-
tion of mχ for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on gegχ from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement gχ <
√
4pi (for perturbativ-
ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA′ = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IV B, which are of comparable strength.
Also shown is the projected reach of Belle II for the
7vector-mediated case (see Sec. VI). As for the heavy off-
shell region, these rely on the possibility of performing
a background estimate and hence could also apply to
a reanalysis of the data by the BABAR collaboration if
control over the various background components can be
obtained. In addition, a search for a kinematic edge may
allow for an improvement of the bounds, but is not shown
here. As can be seen from the figure, for the case of
a hidden photon mediator, stronger constraints can be
obtained from the direct production and (visible) decay
of the A′.
V. COMPARISON WITH OTHER PROBES OF
LIGHT DARK MATTER
A. LEP
The search for mono-photon events in e+e− collisions
is also possible with the O(1)/fb of data collected with
a mono-photon trigger at LEP, and in [5] this was used
to place constraints on DM coupled to electrons through
a mediator or a higher-dimension four-point interaction.
Because LEP operated at
√
s ∼ 200 GeV, the DM and
mediators of interest in this paper are light by LEP stan-
dards. There are therefore two regimes of interest to us:
2mχ < mA′  200 GeV, for which the mono-photon
signal rate is controlled by the single parameter ge, and
mA′ < 2mχ  200 GeV, for which it is controlled by the
combination gegχ.
In Ref. [5] (Fig. 7) bounds are presented in terms
of the parameters mχ, mA′ , the effective cutoff scale
Λ ≡ mA′/√gegχ, and the A′ decay width ΓA′ . How-
ever, in the two respective mass regimes of interest these
are consistent with a single bound on either ge or gegχ,
of
ge < 0.023 (2mχ < mA′) , (9)
gegχ < 0.13 (mA′ < 2mχ) . (10)
The former is extracted from the “minimum width”
curves of Ref. [5], which correspond approximately to the
assumption gχ = ge.
In Figs. 5 and 6 we show these two bounds directly with
gray shaded regions. In Fig. 4 we show a combination of
the bound on ge with the requirement gχ <
√
4pi (for
perturbativity). LEP is more suited to probing higher
mass scales, and becomes more sensitive than BABAR
for mediator masses above about 15 GeV assuming gχ =√
4pi. For the on- and off-shell light mediator regimes, the
bounds from BABAR are significantly stronger than those
from LEP, due largely to BABAR’s higher luminosity and
larger production cross-section.
B. Constraints on Hidden Photons A′
In this subsection, we discuss various other probes re-
lated to the specific case of hidden photons that couple
to light hidden-sector states, possibly DM. Projections
and/or constraints from these other probes are shown in
Figs. 7 and 10, together with the B-factory constraints
and projections shown already in Fig. 5. We focus on
rare kaon decays, precision measurements of the anoma-
lous magnetic moment of the electron and muon, and
fixed-target experiments.1
1. Rare Kaon decay limits involving an A′
Meson decays involving hidden photons can constrain
parts of the parameter space. A particularly important
rare decay mode is K+ → pi+A′, with A′ → invisible.
A search for the SM process K+ → pi+νν¯ by the BNL
experiments E787 [71] and E949 [72] found a total of
seven events. The SM predicted value [73],
BSM(K
+ → pi+νν¯) = (7.81± 0.80)× 10−11 , (11)
is consistent with a combined result of E787 and E949 of
the branching ratio measurement [72]
Bmeasured(K
+ → pi+νν¯) = (17.3+11.5−10.5)× 10−11 . (12)
For the two-body decay K+ → pi+A′ (where the A′ is
on-shell), the pi+-momentum spectrum is peaked at
|~ppi| = 1
2mK
(
m4K +m
4
pi +m
4
A′ +
−2 (m2Km2pi +m2Km2A′ +m2pim2A′)
) 1
2 ,(13)
while for three-body decay K+ → pi+A′∗ → pi+χ¯χ
through an off-shell A′, the pi+-momentum has a contin-
uous distribution, making it more difficult to distinguish
from the SM decay K+ → pi+νν¯. The constraints are
thus much stronger for the on-shell decay compared to
the off-shell decay, and we only consider the former.
Both E787 and E949 published results on the branch-
ing ratio limit for on-shell decays [71, 75], which we can
use to constrain ε. Following [76], and using results
from [77], the two-body decay width is given by
Γ(K+ → pi+A′) = ε
2αm2A′
210pi4mK
∣∣W (m2A′/m2K)∣∣2
×
(
1 +
(m2pi −m2A′)2
m4K
− 2(m
2
pi +m
2
A′)
m2K
) 3
2
, (14)
where
|W (x)|2 ' 10−12 (3 + 6x) . (15)
Using now the measured total width of the K+ of
Γtotal(K
+) ' 5.3 × 10−14 MeV, and taking the E949
1 We do not discuss or show a constraint from invisible J/ψ-
decays [69], since it is much weaker than other constraints, except
in a very narrow mass range near the J/ψ-mass — see e.g. [70].
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FIG. 7: Constraints in the ε versus mA′ plane for invisibly-
decaying hidden photons. The bounds from the BABAR
mono-photon data are shown by the blue shaded region. The
blue dashed line shows a “BABAR improved” projection that
assumes a factor of 10 reduction in the γ/γ background. Pro-
jections for four possible Belle II searches are shown by the
four blue lines, with line styles matching Fig. 5 (see Sec. VI): a
converted mono-photon search (dashed, labelled (a) and (b),
which respectively assume no (a factor of 10) improvement in
the γ/γ background rejection over the “BABAR improved” pro-
jection), a standard mono-photon search (solid), and a low-
energy mono-photon search (dot-dashed) (see Sec. VI). Vari-
ous other constraints (shaded regions) and projected sensitiv-
ities (dashed lines) are also shown: the anomalous magnetic
moment of the electron (ae, red) and muon (aµ, green), rare
kaon decays (brown), and the upcoming electron/positron
fixed-target experiments DarkLight and VEPP-3. In the
green shaded band an A′ could explain the discrepancy be-
tween the measured and predicted SM value of aµ. The
gray shaded region is a constraint from LSND [74], assum-
ing αD = 0.1 and that χ has no decay modes available to
other light hidden-sector states that do not couple to the A′.
More details are given in Sec. V B, and we show the corre-
sponding plot for mχ = 10 MeV and 100 MeV in Fig. 10 in
Appendix A.
limit on the branching ratio K+ → pi+A′ from Fig. 18
in [75] (scaled to 95% C.L.), we derive the limit on ε
versus mA′ shown in the shaded brown region in Figs. 7
and 10. There are two separated excluded regions (as
opposed to a single continuous region), since the search
K+ → pi+ν¯ν was restricted to certain values of |~ppi| to
avoid backgrounds.
Several experiments have been proposed with an im-
proved sensitivity to K+ → pi+ν¯ν decays. ORKA [78] is
a proposed experiment to measure this branching ratio
to much higher precision using stopped kaons from the
Fermilab Main Injector high-intensity proton source. Its
detector design is based on the E787 and E949 experi-
ments, and it is expected to detect ∼ 1000 decays over
five years of data taking, improving the branching ratio
measurement to 5%. ORKA is expected to be able to
take data five years after funding becomes available. A
rough sensitivity estimate of ORKA to K+ → pi+A′ de-
cays can be obtained by scaling the E949 limit in [75] used
above. First, we assume a factor of 100 increase in the
luminosity. In addition, we assume that the background
rate of K+ → pi+ν¯ν decays agrees with the SM predic-
tion (in E787 and E949 the observed background rate was
found to be twice as large as the SM prediction, but still
consistent with it, thereby weakening the limits slightly).
ORKA can thus be expected to improve the branch-
ing ratio limit by at least ∼ √200 ∼ 14, and improve
the sensitivity to ε by 4
√
200 ∼ 3.8, which is shown in
Figs. 7 and 10 with dashed brown lines. Note that this ig-
nores expected improvements in the pi+-momentum res-
olution. This projected improvement in sensitivity to
the branching ratio is also weaker than what is projected
by the ORKA collaboration for mA′ = 0, namely from
0.73× 10−10 (at 90% C.L.) to 2× 10−12, a factor of 36.5
as opposed to 14 (see e.g. [79]). The ORKA sensitivity
shown in Figs. 7 and 10 should thus be viewed as conser-
vative.
Another experiment with excellent sensitivity to
K+ → pi+ν¯ν decays is NA62 at CERN (with ∼ 50
events/year) [80]. NA62 may begin data taking within a
year. It uses decay-in-flight kaons and may be sensitive
to lower pi+-momenta and thus slightly higher mA′ . We
do not show a sensitivity estimate for NA62, although it
would be interesting for the NA62 collaboration to look
at this decay mode in detail. Finally, we note that a fu-
ture Project X facility could reach even higher sensitivity
than ORKA or NA62 [64].
2. QED Precision Measurements
An A′ contributes to the anomalous magnetic mo-
ment of the muon and electron, ae ≡ (g − 2)e and
aµ ≡ (g−2)µ [76]. For aµ, this contribution could resolve
the long-standing disagreement between the calculated
(see e.g. [81]) and experimentally measured value [82].
The SM and measured values are
aSMµ = (11659180.2± 4.2± 2.6± 0.2)× 10−10 , (16)
aexpµ = (11659208.9± 5.4± 3.3)× 10−10 , (17)
and hence the difference
∆aµ = a
exp
µ − aSMµ = (28.7± 8.0)× 10−10 (18)
is about 3.6σ. In Figs. 7 and 10, we show the “2σ” region
in which an A′ helps solve this disagreement by contribut-
ing aA
′
µ = (28.7±16.0)×10−10. We also show a “5σ” line,
where the A′ contributes “too much”, aA
′
µ = 68.7×10−10.
9Current measurements of ae agree well with SM theory
[83, 84] and experiment [85]. One finds (see also [86, 87]),
∆ae = a
exp
e − aSMe = (−1.06± 0.82)× 10−12 . (19)
The contribution from an A′ would introduce a disagree-
ment between the theory and experimental value. In
Figs. 7 and 10, we show the shaded region labelled ae
in which aA
′
e > (−1.06 + 3× 0.82)× 10−12 = 1.4× 10−12.
3. Fixed-target and Beam-dump experiments
Several existing and proposed experiments are sensi-
tive to visible A′ decays, usually to e+e− (see e.g., [35,
36, 63, 68, 88–98]). These searches were motivated in
part by astrophysical anomalies connected to Weak-scale
DM [42, 43]. However, if the A′ can decay to light
hidden-sector states, then many of these experiments lose
all their sensitivity. There are some exceptions, includ-
ing the electron/positron fixed-target experiments Dark-
Light [89, 99] and VEPP-3 [100], which have sensitiv-
ity also to invisible A′ decays by performing a missing
mass measurement. In Fig. 7, for DarkLight, we show
the reach as shown in Fig. 18 of [101] (for 95% photon
efficiency); for VEPP-3, we show the reach given in [100].
Other experiments sensitive to invisible A′ decays in-
clude proton fixed-target experiments, in which a pro-
ton beam incident on a target produces a large num-
ber of mesons that decay to an A′ (e.g. pi0 → γA′),
which in turn decays to LDM [90]. LSND in particular
provides strong, but model-dependent, constraints [74],
which we show with gray shaded regions on Figs. 7 and
10. Further searches are possible at several neutrino fa-
cilities [74, 90, 102], and a proposal has been submit-
ted to the MiniBooNE Collaboration [70]. We do not
show the reach for these experiments on our plots. Note
that the constraints on ε are proportional to 4
√
αD, and
thus disappear for small αD = g
2
χ/4pi. The constraints
from these experiments also disappear if χ can decay into
lighter hidden-sector particles that do not interact with
the A′.
4. Supernova
An A′ can increase the cooling rate of supernovae. Vis-
ible decays, with e.g. A′ → e+e−, ε ∼ 10−10 − 10−7, are
constrained for mA′ . 100− 200 MeV due to the cooling
constraints on SN1987A [63, 103] (see also [104]). There
is no bound for very small ε, since not enough A′ are
produced to contribute significantly to the cooling. For
larger ε, the A′ lifetime becomes short enough for it to
decay inside the supernova, and so does not contribute
to any cooling.
For the case where A′ predominantly decays to LDM
or other hidden-sector states, the situation is more com-
plicated. As in the previous case, there is no constraint
if ε is small enough, since not enough A′s are produced.
For larger ε, A′ decay to LDM inside the supernova, and
there is potentially a bound if the LDM can escape the
supernova. While a careful calculation of the supernova
bound is beyond the scope of this paper, we make a few
remarks below to evaluate their relevance to the region
probed by BABAR and Belle II. A dedicated discussion
of the bound will appear in [105]. (We note that there
are also constraints from white-dwarf cooling, but only if
the A′ decays to LDM states with a mass . 1 keV [106].)
The mean free path of the LDM is given by ` ∼ 1/nσ,
where n ' 2×1038/cm3 is the number density of nucleons
or electrons in a supernova. The cross section for LDM
to scatter off an electron is
σeχ→eχ '
{
αg2χε
2/m2A′ mA′  T
αg2χε
2T 2/m4A′ mA′  T . (20)
For a typical supernova temperature of T ' 30 MeV,
gχε = 10
−4 and mA′ = 10 MeV, the free-streaming
length is RFS ' 10−11 km, while for significantly larger
masses, mA′ & 10 GeV, one finds RFS ' 10 km. For most
of the parameter space that can be probed by BABAR
and Belle II, the free-streaming length is thus smaller
than the supernova radius.
The production rate of LDM through an A′ is propor-
tional to ε2. In addition, for a large parameter region
of relevance to BABAR and Belle II, mA′  T , so that
the production is through an off-shell A′ and thus also
proportional to 1/m4A′ . Ignoring the diffusion of LDM
through the supernova, the cooling occurs via the es-
caping LDM produced close to the free-streaming sur-
face. For small free-streaming lengths, the overall en-
ergy that escapes (proportional to the production rate
times the free-streaming length) is therefore indepen-
dent of ε and mA′ . However, both the production rate
and free-streaming length depend strongly on the density
and temperature profiles, which are highly uncertain very
close to the edge of the supernova. Thus the computation
of the cooling rate suffers from very large uncertainties
and for small free-streaming lengths cannot be used to
place a robust limit.
When the free streaming length becomes of order the
size of the supernova, i.e. for mA′ & 10 GeV and suffi-
ciently small ε, any DM particles that are produced in
the supernova will escape. However, the temperature
profile and size of a supernova, and of SN1987A in par-
ticular (which is the only available data), is not known
precisely, so that the precise value of mA′ at which the
free-streaming length equals the supernova radius is not
known. For instance, for the same gχ = 10
−4 as above
and under the assumption of a homogeneous tempera-
ture, TSN = 25 MeV, throughout the supernova, one
finds RFS = RSN = 10 km for mA′ = 8.5 GeV. For
gχ = 5 × 10−4, TSN = 40 MeV and RFS = RSN = 20
km, the required A′ mass is mA′ = 35 GeV. Thus it is
not clear if the supernova bounds apply at all to the A′
masses and couplings that can be probed by BABAR or
Belle II.
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FIG. 8: A comparison of the sensitivities of mono-photon searches and direct detection experiments to LDM, taking a 3 GeV
vector mediator for illustration. Constraints and projections are shown on the non-relativistic scattering cross-section of DM
with electrons (left), and with protons (right), assuming for the latter that the coupling of the mediator to SM particles is
proportional to their charge (as with a hidden photon). Existing direct detection bounds on proton scattering: CRESST [107]
(solid turquoise) and DAMIC [108] (solid purple), are shown. For electron scattering we show the XENON10 limit [109] (solid
dark red). In addition, the dotted dark red line shows a projection for a germanium-based electron recoil experiment [110].
The constraint from BABAR (this work) is shown as solid black line / blue shaded region. The discontinuity at mχ = 1.5 GeV
corresponds to the transition between on-shell to off-shell light mediator regimes. In the latter regime we fix gχ =
√
4pi (smaller
gχ would correspond to stronger bounds). LEP mono-photon searches [5] are shaded in gray and limits from precision hidden
photon searches are shown by the thin green line labeled “ε” (see text). For the projected reach of Belle II mono-photon
searches (blue lines) we use the “systematics limited” bound for mχ > 1.5 GeV, and otherwise the stronger of the “converted”
and “standard” mono-photon searches shown in Fig. 7 (see Sec. VI). For mχ < 1.5 GeV we also show the projected reach of
Belle II assuming gχ = ge (the boundary between visibly- and invisibly-decaying mediators).
C. Direct Detection
Elastic nuclear recoils from DM scattering in current
direct detection experiments are not able to probe DM
with masses below a few GeV. However, it has recently
been demonstrated that direct detection experiments can
probe LDM below the GeV scale if the DM scatters in-
stead off electrons [109, 110]. While the limits in [109]
were derived from only a small amount of data taken
with an experiment focused on probing heavier DM,
near-future experiments such as CDMS, LUX, DAMIC
and XENON100 are expected to significantly improve
their sensitivity in upcoming years. Such constraints
are somewhat complementary to the ones derived here,
due to their sensitivity to distinct kinematical regimes.
Nonetheless, under certain assumptions, the constraints
can be directly compared.
In order to make such a comparison, we assume below
that the mediator mass is larger than the typical momen-
tum transfer, q ∼ keV, relevant for electron scattering
in direct detection experiments. Consequently, effective
operators of the form of Eqs. (4)-(7) can be used to de-
scribe the relevant interactions at direct detection exper-
iments, where the cut-off scale, Λ, is once again taken to
be Λ = mA′/
√
gegχ. For a sufficiently heavy mediator,
corresponding to region (a) of Fig. 2, the limit on Λ is
directly obtained from Fig. 4. For lighter mediators, the
mass mA′ must also be specified. For a mediator in re-
gion (c), this is combined with the BABAR limit on gegχ
from Fig. 6 to set a bound on Λ. For a light invisible
mediator, in region (b1,2), the bound on ge from Fig. 5
applies for any value of gχ in the range ge <∼ gχ <∼
√
4pi.
To set a bound on Λ, we conservatively fix gχ =
√
4pi, at
the limit of perturbativity.
Under the above assumptions, the DM-electron cross-
section is simply given by
σe = Q
µ2χe
piΛ4
. (21)
Here Q = 1 for the vector and scalar mediator while Q =
3 for the pseudo-vector mediator. µχe stands for the DM–
electron reduced mass. In the case of a pseudo-scalar
mediator, direct detection rates are velocity suppressed
and hence are not shown. We also do not show the results
for a pseudo-vector and scalar; for a scalar, there is no
generic expectation for the mediator couplings when they
are not proportional to the fermion yukawa couplings.
The BABAR results may also be translated to DM-
proton scattering rates, under assumptions about how
the mediator couples to quarks. For a vector mediator,
motivated by kinetic mixing with the photon, we assume
that the couplings are proportional to the electric charge
of the SM particles. One then finds the cross-section for
a vector mediated DM-proton interaction to be,
σp =
µ2χp
piΛ4
, (22)
where µχp stands for the reduced DM-proton mass.
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FIG. 9: A comparison of mono-photon searches and direct detection experiments, as in Fig. 8, but for a mediator mass of 300
MeV.
The resulting direct detection limits on the non-
relativistic scattering cross-section of DM with electrons
and with protons from the BABAR search are shown in
Figs. 8 and 9 for the case of a vector mediator. Results
are shown as a function of mχ, for fixed mediator masses
of 3 GeV and 300 MeV. The plots are discontinuous for
mχ = mA′/2, due to the transition between an on-shell
and off-shell mediator. In addition, constraints from ex-
isting experiments are presented. The LEP mono-photon
searches [5] are shown for comparison as a gray shaded
region. The green line shows other bounds on a hidden
photon mediator: ε < 0.026 for mA′ = 3 GeV from pre-
cision Z-pole measurements [65]; ε < 0.01 for mA′ =
300 MeV from muon (g − 2) constraints (see Sec. V B);
and for mχ > mA′/2, ε <∼ 1.5 × 10−3 from a search
for Υ → γµ+µ− by BABAR [63]. Finally, limits from
DM direct detections experiments are also shown: the
XENON10 limits [109] (solid dark red) are presented for
DM-electron scattering, while limits from CRESST [107]
(solid turquoise) and DAMIC [108] (solid purple) are
shown in the DM-proton case. The dotted dark red line
shows a possible projection for a germanium-based elec-
tron recoil experiment [110], assuming a 1 kg-year expo-
sure and no backgrounds.
In each of the plots we demonstrate the projected
Belle-II sensitivity as discussed in Sec VI. For mχ >
mA′/2 we show the “systematics limited” bound for a
light off-shell mediator, while for mχ < mA′/2 we show
the stronger of the projections for a converted mono-
photon search and a standard mono-photon search shown
in Figs. 5 and 7. In the latter case, the solid blue line
shows the conservative assumption gχ =
√
4pi. The
dashed blue line assumes gχ = ge (the boundary be-
tween visibly- and invisibly-decaying mediators), illus-
trating how much more powerful mono-photon searches
are than direct detection experiments at constraining the
hidden photon with a small gχ scenario.
The results above demonstrate the strength of low-
energy collider experiments in searching for DM in
regimes where direct detection experiments are still lack-
ing. Results from the future Belle-II experiment and from
future direct detection searches (along the lines suggested
in [109, 110]) are competitive (although complimentary)
for the case of a heavy mediator. For a light mediator,
direct detection experiments are expected to be crucial as
their sensitivity is significantly better due to the distinct
kinematics.
VI. PROJECTIONS FOR BELLE II
The bounds placed on LDM by the BABAR data are
competitive with existing constraints, and in many cases
stronger. In particular, for on-shell invisible mediators
the bounds exclude a large region of previously-allowed
parameter space. In this section, we make projections for
the sensitivity to LDM of future high-luminosity e+e−
colliders, notably the next-generation B-factory Belle II,
which could significantly improve on these results.
Belle II is an upgrade of the Belle experiment, using
the SuperKEKB asymmetric e+e− collider currently un-
der construction [111]. It is expected to start taking
data in 2016 and obtain 50/ab of integrated luminosity at√
s ≈ 10.5 GeV by 2022 [112]. The average energy reso-
lution is slightly improved over BABAR σEγ/Eγ = 1.7%.
The implementation of a mono-photon trigger will re-
quire a dedicated study by the Belle II collaboration to
ensure that the high luminosity and pile-up do not lead
to an unacceptably high trigger rate. It will hopefully be
possible to implement such a trigger for the full Belle II
run for energetic mono-photons without prescaling, and
possibly with a prescaled version also at lower photon
energies (Eγ . 2 GeV). An interesting possibility is the
study of a dedicated trigger for mono-photons that con-
vert in the tracker. While paying a high price in signal
rate, this may overcome significant issues (discussed be-
low) with the standard mono-photon search.
A precise estimate of the reach of Belle II depends on
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various unknowns, such as the amount of data taken with
the mono-photon trigger, the trigger and cut efficiencies,
and most crucially the background rate and the ability
to perform a careful background estimate. In order to
make illustrative projections, we make plausible assump-
tions about these factors. We emphasize that the actual
reach of Belle II may prove somewhat different than our
projections.
A. Standard Mono-Photon Search
We assume that Belle II can implement a mono-photon
trigger on the full 50/ab of data, but restricted to the
energy range 2.2 GeV < E∗γ <∼ 5.5 GeV, corresponding
to −5 GeV2 < m2χχ <∼ 62 GeV2. This avoids the ex-
cessive rates coming from the radiative Bhabha contri-
butions and other soft photon and instrumental back-
grounds at lower energies. In analogy with the current
BABAR search [37], we divide the energy range again
into High-E and Low-E regions. This allows us to scale
up the current BABAR background estimates. We deter-
mine these by fitting the BABAR data with the smooth
functions described in IV B. We then assume the same
geometric acceptance in each region as BABAR, neglect-
ing O(1) differences between the geometric acceptances
of the two experiments due to differences in the beam
energies and calorimeter rapidity coverage. We further
assume a constant efficiency for non-geometric cuts of
50% and finally scale up all the smoothed BABAR back-
grounds by the ratio of the luminosities, except for the
γ/γ background. For the latter, we assume a baseline im-
provement in the background rejection by a factor of 10
over the current BABAR analysis [37] (so that it corre-
sponds to the “improved BABAR” version discussed in
Sec. IV B and shown in Figs. 5 and 7) before scaling by
the ratio of luminosities. We note that the real back-
grounds may of course differ significantly from these sim-
ple scalings using the BABAR data.
For on-shell mediators, we set limits following the same
procedure described in Sect. IV. For off-shell mediators,
we assume the expected continuum background rate can
be determined using some combination of Monte Carlo
and data-driven techniques, allowing one to estimate
and effectively “subtract” part of the background (there
would be no improvement in the Belle II sensitivity over
the current BABAR limits without an improved under-
standing of the backgrounds, since we showed “signal-
only” limits for BABAR). Without a realistic estimate
of the range of shape variations for the various back-
ground components, it is hard to estimate the power of
the limits that can be obtained by such subtraction pro-
cedure. Instead, we provide a conservative and an aggres-
sive estimate of the limits, labeled “systematics-limited”
and “statistics-limited”, respectively. In both cases, we
present single-bin limits, where the signal is constrained
not to exceed the 95% C.L. in any single bin. In the
“systematics-limited” case, we assume that the bin un-
certainties are dominated by systematic uncertainties due
to the subtraction procedure: we set them at 5% for the
radiative Bhabha, 10% for the γ/γ peak (whose size as-
sumes that Belle II can reach the same level of rejection as
the BABAR analysis) and at 20% for the other continuum
components. In the “statistics-limited” case, we consider
only statistical uncertainties. While it is almost impossi-
ble to achieve this limit, good control of the background
shapes and the simultaneous fit of many bins could yield
a significant improvement over our “systematics-limited”
reach, so that it is instructive to show both.
The sensitivity reach from both these estimates are
shown by the solid and dashed blue curves in Figs. 4 and
6, while only the “systematics-limited” reach is shown
with the solid blue curves in Figs. 5, 7, and 10. In Figs. 8
and 9, the “systematics-limited” curve is shown under
two assumptions for the value of gχ.
B. Low-Energy Mono-Photon Search
We also consider the possibility that Belle II can imple-
ment a prescaled trigger for low-energy mono-photons,
0.5 GeV < E∗γ ≤ 2.2 GeV. We will assume a prescale
factor of 10 (corresponding to 5/ab of collected data), al-
though a dedicated study by the Belle II collaboration is
necessary to see whether this is sufficient to avoid back-
ground events overwhelming the data acquisition. We
estimate the background by extrapolating the fit in the
Low-E region described in the previous section, Sec. VI A,
and otherwise follow the same assumptions and proce-
dures. The result is shown by the blue dot-dashed lines
in Figs. 5 and 7.
C. Converted Mono-Photon Search
A small fraction of photons convert to e+e− pairs in
the inner detector (see e.g. [113]). While the rate of these
events is significantly lower than for non-converted pho-
tons, they do allow for significantly better pointing and
energy resolution. The combination of the lower rate
and the distinctive nature of the events should make it
possible to implement a dedicated trigger for converted
mono-photons. The improved pointing resolution may
make it significantly easier to veto mono-photons that are
back-to-back with detector regions responsible for photon
losses, such as azimuthal gaps in calorimeter coverage.
This would reduce the background from γ/γ events, and
improve the reach around the peak at m2χχ = 0 compared
to what BABAR achieved in the current analysis [37],
or even compared to our “improved BABAR” projection,
which already assumed a factor of 10 reduction in the γ/γ
background over [37]. Moreover, away from the γ/γ peak,
the improved energy resolution may increase the power
of a bump hunt (although this may not compensate for
the reduced amount of data). Thus these factors can po-
tentially strengthen the search for LDM and are worth a
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dedicated study by the Belle II collaboration.
We make projections for such a search assuming that
50/ab of data is collected with a converted-mono-photon
trigger, over the energy range 3.2 GeV < E∗γ < 5.5 GeV
(BABAR’s High-E region). We take the fraction of pho-
tons that convert in the tracker to be 5%, and assume
the same cut efficiency as for the standard mono-photon
search, giving a combined trigger efficiency of 0.85%. We
present two scenarios, one assuming a γ/γ background re-
duction factor comparable with our baseline assumption
of the “improved BABAR” version, the other assuming
a further factor of 10 improvement relative to the “im-
proved BABAR” version, i.e. a factor of 100 improvement
over the BABAR analysis in [37]. In both cases, we as-
sume that the continuum background rate is unchanged.
These two scenarios are labeled as “(a)” and “(b)” in
Fig. 5 and 7. We take the energy resolution to be a factor
of 2 better than for non-converted photons. Extension to
lower Eγ should also be possible without prescaling given
the low conversion fraction (but we do not consider this
further). An additional improvement of the photon en-
ergy resolution by up to a factor of ∼ 2 may be possi-
ble [113] due to the improved momentum resolution of
low pT tracks.
We show the results with the blue dashed curves in
Figs. 5 and 7. The improvement over current bounds
is potentially very substantial, but clearly a dedicated
analysis by the Belle II collaboration is required.
VII. CONCLUSION
Light Dark Matter, coupled to the Standard Model
through a light mediator, offers an attractive alternative
to the WIMP paradigm. However, the parameter space of
LDM remains largely unexplored. With their large inte-
grated luminosities, current and future low-energy e+e−
colliders offer a uniquely powerful window into LDM pa-
rameter space.
We constrained LDM parameter space using an ex-
isting BABAR search [37]. We compared this to con-
straints from direct detection experiments and LEP, and
in the case of a hidden-photon mediator, also from rare
Kaon decays, proton beam dumps, supernova cooling,
and QED precision measurements.
Mono-photon searches at future high-luminosity e+e−
colliders, such as Belle II, can potentially provide an
even more powerful probe of LDM and light mediators.
The most crucial requirement is the implementation of
a mono-photon trigger. In searching for invisible on-
shell mediators, it is important that this be applied for as
much run-time as possible (preferably for the entire ex-
periment). For searches that are currently background-
limited, the identification of suitable control regions is
necessary to estimate the various backgrounds that can-
not be computed theoretically in a reliable way, together
with the collection of sufficient statistics in such con-
trol regions. In fact, if background estimates can be
performed with small uncertainties, significant improve-
ments over existing bounds are also possible in the off-
shell mediator regions, even with a fraction of the total
Belle II mono-photon data. Additionally, a study of con-
verted mono-photons, using a dedicated trigger, could be
extremely powerful.
Low-energy e+e− colliders are one of the most effective
probes for light dark matter and light mediators.
Note added
While this paper was in completion, [114, 115] ap-
peared, which focuses on electron beam-dumps, but also
has some overlap with the BABAR constraints derived
here. Past electron-beam dump experiments, like the
SLAC milli-charge experiment [116] and E137 [117], have
sensitivity to LDM, in addition to new experiments at
other facilities.
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Appendix A: B-factory Prospects on Additional
Hidden Photon Scenarios
In this short appendix, we show the constraints on in-
visibly decaying hidden photons, assuming they can de-
cay either invisibly to a hidden-sector state χ or visibly
to SM matter for mA′ < 2mχ. While Fig. 7 showed
the constraints assuming mA′ < 2mχ, Fig. 10 shows the
constraints for a fixed LDM mass, mχ = 10 MeV (left)
or 100 MeV (right). Note that the LSND limit, taken
from [74], weakens significantly for larger mχ and disap-
pear completely for mχ > mpi0/2. The limit from rare
Kaon decays K± → pi±A′ disappears when mA′ > 2mχ.
The other constraints are as discussed in Sec. V B. We
do not show the prospects of the experiments that have
been proposed to search for visible A′ decays, but see
e.g. [64].
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FIG. 10: Constraints in the ε versusmA′ plane for invisibly-decaying hidden photons assuming they can decay either invisibly
to a hidden-sector state χ or visibly to SM matter for mA′ < 2mχ. We show the constraints for fixed mass mχ = 10 MeV
(left) or 100 MeV (right). The bounds from the BABAR mono-photon data are shown by the blue shaded region. Projections
for a possible Belle II search is shown with a solid blue line, corresponding to the “standard” mono-photon search discussed
in Sec. VI. Various other constraints (shaded regions) and projected sensitivities (dashed lines) are also shown: the anomalous
magnetic moment of the electron (ae, red) and muon (aµ, blue), rare kaon decays (brown), the upcoming electron fixed-target
experiment DarkLight (light blue; shown when kinematically relevant), and LSND (light gray; assuming αD = 0.1 and that
there are no other light hidden-sector states that χ decays to, which do not interact with the hidden photon). In the green
shaded region an A′ could explain the discrepancy between the measured and predicted SM value of aµ. For mA′ < 2mχ, we
show with gray shaded regions the constraints from visible searches (E141, E774, Orsay, U70 etc.) that apply unless there are
other decay modes (besides A′ → χ¯χ) available for the A′. We do not show the experimental prospects in this case of visible
decays. More details and references are given in Sec. V B.
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